Abstract This study investigated the kinetics and degradation pathway of acebutolol, metoprolol and sotalol in a sulfate radical-based advanced oxidation process. The selected pharmaceuticals were b-blockers which have been used to treat cardiovascular diseases. Due to its frequent use, the presence of these pharmaceuticals in the environment has been regularly reported. In this study, sulfate radicals were generated using peroxymonosulfate with cobalt (II) as activator. At pH 7 and 25°C, the secondorder rate constant for the reaction between SO 4 Á-with metoprolol, acebutolol and sotalol was (1.0 ± 0.1) 9 10 10 , (2.0 ± 0.1) 9 10 10 and (3.0 ± 0.2) 9 10 10 M -1 s -1 , respectively. Sixteen transformation by-products were identified from the selected b-blockers. These transformation by-products were mainly formed through the hydroxylation, aromatic ring-opening reaction and aliphatic chain oxidation. The decomposition of b-blockers by sulfate radicals was found to start from the formation of hydroxylated b-blockers followed by an aromatic ring-opening reaction. In general, this study showed that b-blockers reacted favorably with sulfate radicals, and various transformation by-products could be produced. The result from the ecotoxicity assessment showed that almost all of the transformation by-products were less toxic than its parent compound. Therefore, a sulfate radical-based advanced oxidation process could be an effective method for the treatment of b-blockers in water.
Introduction
Recently, the presence of pharmaceuticals as emerging pollutants has attracted much attention due to its potential adverse health effects to living organisms (Cizmas et al. 2015; Bundschuh et al. 2016) . The negative impacts of environmental pharmaceuticals are such as endocrine disrupting effect on fish (Sun et al. 2016) ; inhibition of the growth of aquatic plants (Pomati et al. 2004) ; producing antibiotic resistant bacteria (Cizmas et al. 2015) ; and intersex and reduced fecundity in fish (Niemuth and Klaper 2015) . Each year, thousands of tons of pharmaceuticals are prescribed and consumed worldwide (Burkina et al. 2015) . As a result, pharmaceuticals have been frequently detected in the environment. So far, the effluents of wastewater treatment plants (WWTPs) have been identified as the major sources of pharmaceuticals in the environment. This is mainly due to the inefficiency of WWTPs in the treatment of these emerging pollutants (Burkina et al. 2015) .
Among various classes of environmental pharmaceuticals, b-blockers have been frequently detected in various aquatic environments Sun et al. 2015 , Santos et al. 2013 . b-Blockers are pharmaceuticals used to treat cardiovascular diseases (Huggett et al. 2003) . The removal of b-blockers by some of the WWTPs was relatively poor (Santos et al. 2013) . As a result, the presence of b-blockers in the environment with concentrations in lg/L has been reported (Maszkowska et al. 2014a) . Although bblockers are safe for humans, some of the b-blockers are harmful to some aquatic organisms (Maszkowska et al. 2014b) .
Recently, a sulfate radical-based advanced oxidation process (SR-AOP) has been reported as an effective chemical oxidation method for the removal of pharmaceuticals (Gao et al. 2015; Ji et al. 2015; Ji et al. 2016a ). Sulfate radicals (SO 4 Á-) react with organic compounds at the rate of 10 7 to 10 10 M -1 s -1 (Matta et al. 2011) . As compared to hydroxyl radicals (ÁOH), SO 4 Á-with a more selective nature reacts with organic compounds mainly through electron transfer reaction (Anipsitakis et al. 2006 ). However, non-selective ÁOH reacts reactively with almost all organic compounds, but it can be inactivated easily by the water matrices (Matta et al. 2011) . So far, SR-AOP has been employed in the treatment of soils and groundwater (Tsitonaki et al. 2010) . Therefore, it is important to study the fate of pharmaceuticals in SR-AOP since some of the commonly used oxidation processes could produce transformation by-products which are more toxic than its parent compound (Tay and Madehi 2014).
The main objectives of this study were (1) to determine the second-order rate constant for the reaction between SO 4 Á-and selected b-blockers; (2) to identify the transformation by-products and to elaborate the degradation pathway of b-blockers during SR-AOP; and (3) to assess the ecotoxicity of the transformation by-products. The selected b-blockers were sotalol, acebutolol and metoprolol. Based on the literature review, the degradation of the bblockers in various chemical oxidation processes such as ozonation (Benner et al. 2008; Tay et al. 2013; Tay and Madehi 2014) , ÁOH-based AOP (Veloutsou et al. 2014; Romero et al. 2015) and chlorination (Khalit and Tay 2016) have been widely reported. However, the fate of the selected b-blockers in SR-AOP has not been reported elsewhere. In this study, the ecotoxicity of transformation by-products was evaluated using computational method. Based on the literature review, ecotoxicity of transformation by-products generated from SR-AOP was seldom reported. This study was carried out at the Department of Chemistry, Faculty of Science, University of Malaya (Malaysia), from December 2014 to May 2015. Determination of second-order rate constant
Materials and methods

Chemicals and reagent
Competition kinetics method was used to determine the second-order rate constant (K app ) for the reaction between the selected b-blockers and SO 4 Á-. In this study, benzoic acid was used as reference compound. The reported second-order rate constant for the reaction between benzoic acid with SO 4 Á-was 1.2 9 10 9 M -1 s -1 (Guan et al. 2011) . The experiment was conducted as reported in previous studies (Matta et al. 2011; Ji et al. 2016b ) with slight modification. Briefly, the kinetic experiments were conducted in a 50-mL jacketed beaker containing the selected b-blocker, benzoic acid and cobalt (II) sulfate with the concentration of 100 lM each. The pH of the reaction mixture was adjusted to 7 with 50 mM of phosphate buffer, and the temperature was set at 25°C. The solution was stirred throughout the experiment by using a magnetic stirrer. The reaction was then initiated by adding 1000 lM of PMS solution, and the final volume of the reaction mixture was 50 mL. Every 5 s, 1 mL of aliquot was withdrawn from reaction mixture and the reaction was quenched with 100 lL of methanol. The concentration of selected b-blocker and benzoic acid contained in the aliquot was determined using HPLC.
By-product identification
The transformation by-products of the selected b-blockers were produced using PMS with and cobalt (II) sulfate as activator. The molar ratio of the selected b-blockers to PMS was set at 1:10, and the pH of the solution was adjusted to 7 using phosphate buffer; 1 mL of reaction mixture was withdrawn every 10 s, and the reaction was quenched with 100 lL methanol. The mixture was then analyzed using liquid chromatography quadrupole time-offlight mass spectrometry (LC-QTOF-MS).
Instrumental analysis
For kinetics study, the concentration of selected b-blockers and benzoic acid was monitored using a HPLC system (Shimadzu, Japan) which consisted of a LC-20AT pump, a SPD-M20A diode array detector, a SIL-20AHT autosampler and a CTO-10AS column oven. A reversed-phase Chromolith RP-18 monolithic column (100 mm 9 4.6 mm; Merck, Germany) was used for separation. The identification of by-products was performed using a 6500 accurate mass quadrupole time-of-flight mass spectrometer bearing with electrospray ionization source coupled to a 1200 series rapid resolution LC system (LC-QTOFMS, Agilent Technologies, Santa Clara, USA) as reported by Tay et al. (2013) .
Ecotoxycity assessment
Ecotoxicity of transformation by-products was assessed using Ecological Structure-Activity Relationship Model (ECOSAR) software (version 1.1) as reported by a previous study (Tay and Madehi 2015) .
Results and discussion
Kinetics study
In this study, K app was determined using the competitive kinetics method. This method has been used to determine the K app for various organic pollutants such as carbamazepine (Matta et al. 2011 ) and caffeic acid (Swaraga and Adinarayana 2003) . The concept of this method is based on the simultaneous oxidation of the reference compound and the selected b-blockers. In this case, the K app for the reaction between reference compound with SO 4 Á-[K app (reference)] is known, and the K app for the reaction between SO 4 Á-with selected b-blockers [K app (bblocker)] was determined using the following equation (Ji et al. 2016b) :
For this study, benzoic acid was selected as the reference compound, and the plot for the K app determination is presented in Fig. 1 . The determined K app values for the selected b-blockers are presented in Table 1 . The result indicated that at pH 7 and 25°C, metoprolol, acebutolol and sotalol reacted with SO 4 Á-at the rate of (1.0 ± 0.1) 9 10 10 , (2.0 ± 0.1) 9 10 10 and (3.0 ± 0.2) 9 10 10 M -1 s -1 , respectively.
Degradation by-products
For the selected b-blockers, sixteen transformation byproducts were identified. The transformation by-products of acebutolol, metoprolol and sotalol are presented in Tables 2, 3 ? ion of Ace-386 showed additional 49 amu attributed to the addition of three OH groups and one hydrogen atom to acebutolol. In order to add a hydrogen atom, two OH groups are proposed to be added to a carbon atom at the aromatic ring for the formation of a hexacyclodienyl ring. For metoprolol, two aromatic ring-hydroxylated by-products were identified. Met-299 is an aromatic ring-dihydroxylated metoprolol (Table 3 , Fig S2) . Similar to Ace-386, Met-317 is also a trihydroxylated metoprolol with additional one hydrogen atom. For sotalol, hydroxylation reaction produced tetrahydroxylated sotalol, Sot-336 (Table 4 ). The mechanism for the formation of aromatic ring-hydroxylated bblockers is proposed to start from the addition of a sulfate group to the aromatic ring of b-blockers to form intermediate I (Fig. 2) . Sulfate group is a good leaving group. Therefore, intermediate I tends to rearrange, through the elimination of the sulfate group, to form radical cation II (Anipsitakis et al. 2006) . Then, hydrolysis of radical cation II leads to the formation of hydroxylated hexacyclodienyl (Fig. 3) . The reaction between the water molecule and VI leads to the formation of trihydroxylated hexacyclodienyl radical VII. VII may react with peroxyl radical for the formation of Met-317 and Ace-368. Ace-251 and Met-225 are the transformation by-products formed through the removal of butylamide and the methoxyethyl groups from acebutolol and metoprolol, respectively. By using Met-225 as an example, the hydroxylation followed by the removal of methoxyethyl chain from metoprolol is proposed to start from the addition of SO 4 Á-to the aromatic ring of metoprolol for the formation of radical VIII (Fig. 4) . Elimination of sulfate group from radical VIII leads to the formation of radical cation IX. IX can further react with water to form radical X. Radical X could rearrange and react with peroxyl radical to form Met-225. Ace-326 and Ace-342 are hydroxylated by-products which formed after the deacetylation of acebutolol.
The reaction at the aromatic rings of metoprolol and acebutolol was also found to produce aromatic ring-opening by-products. Ace-217, Met-191 and Met-231 were the detected aromatic ring-opening by-products for acebutolol and metoprolol, respectively. The formation of aromatic ring-opening by-products also has been reported by Xu et al. (2013) in the degradation of 2,4,6-trichlorophenol by using SO 4 Á-. The cleavage of the aromatic ring is proposed to start from the formation of quinone intermediates from the dihydroxylated species. These quinone intermediates were then subjected to the nucleophilic attack and hydrogen abstraction by SO 4 Á-for the breakdown of the carboncarbon bond of aromatic ring (Xu et al. 2013) . Aromatic ring-opening reaction is an important pathway that leads to ? ion of Sot-334 and Sot-318 was found to be 2 amu lower than the tetra-and trihydroxylated sotalol ( Fig  S3) . This result suggested that these by-products were formed through the loss of 2 hydrogen atoms from 1-(isopropylamino)propan-2-ol chain of tetra-and trihydroxylated sotalol. By using Sot-318 as an example, the mechanism for the oxidation of 1-(isopropylamino)propan-2-ol chain is proposed to start from the transfer of an electron from the amino group to SO 4 Á-for the formation of radical cation XI (Fig. 5) . Deprotonation of XI leads to the formation of radical XII (Xu et al. 2013), which could be further converted to Sot-334 and Sot-318. Based on the proposed transformation by-products, it can be concluded that during SR-AOP, SO 4 Á-reacts selectively with bblockers at the aromatic ring and the secondary amine group. The reactions between ÁOH with b-blockers have been widely reported (Tay et al. 2011 (Tay et al. , 2013 Veloutsou et al. 2014) . Non-selective ÁOH were reported to react at both aliphatic chains and the aromatic ring of b-blockers. Consequently, more diverse transformation by-products were reported. Instead of aromatic ring-hydroxylated and aromatic ring-opening by-products, the ÁOH-based oxidation process also produced transformation by-products with hydroxylated and degraded aliphatic chain which is not detected in this study (Tay et al. 2011 (Tay et al. , 2013 Veloutsou et al. 2014) . Therefore, this study further proved the selectivity of SO 4 Á-when reacting with organic compounds.
Ecotoxicity of transformation by-products
The ecotoxicity of transformation by-products was predicted using ECOSAR software developed by United States Environmental Protection Agency (USEPA). This program has been used by USEPA to predict the aquatic toxicity of new industrial chemicals in the absence of experimental data (Mayo-Bean et al. 2012 ). This software calculates the ecotoxicity of chemicals by addressing both acute (LC 50 and EC 50 ) and chronic (ChV) effects on fish, daphnid and algae. LC 50 represents the chemical concentration that kills 50 % of the fish and daphnid population after 96 and 48 h, respectively. EC 50 represents the chemical concentration that results in a 50 % reduction in growth of algae after 96 h exposure. Predicted acute and chronic toxicity of selected b-blockers and its transformation by-products are presented in Table 5 . The results indicated that even though the treatment of the selected bblockers produced various transformation by-products, almost all of these by-products were less toxic than the parent compound. Based on the information from the transformation by-products, the degradation of the selected b-blockers was found to start with hydroxylation and was followed by the aromatic ring-opening reaction. In general, the ecotoxicity of the transformation by-products was found to decrease with increasing of the degree of hydroxylation. The result also indicated that the formation of aromatic ring-opening by-products largely reduced the ecotoxicity of b-blockers. Therefore, it can be concluded that the ecotoxicity of the selected b-blockers could be reduced using SR-AOP by producing more polar byproducts.
Conclusion
In this study, the kinetics and mechanisms for the reaction between acebutolol, metoprolol and sotalol with SO 4 Á-were evaluated. The obtained K app showed that the selected b-blockers reacted with SO 4 Á-with the magnitude of 1.0 9 10 10 -3.0 9 10 10 M -1 s -1 . Based on the identified transformation by-products, the degradation of b-blockers by SO 4 Á-was mainly found to proceed through hydroxylation reaction. During SR-AOP, the mineralization of bblockers can proceed through the formation of hydroxylated by-products followed by the aromatic ring-opening reaction. On the other hand, oxidation of the aliphatic chain was also observed. In conclusion, b-blockers can react favorably with SO 4 Á-; however, SR-AOP also produced various transformation by-products. The result from the ecotoxicity assessment indicated that almost all the proposed transformation by-products were less toxic as compared with its parent compound. Therefore, SR-AOP could be a clean method for the treatment of b-blockers in water. Tay KS, Madehi N (2014) 
